A small rise in tumor temperature (hyperthermia) makes cancer cells more susceptible to radiation and chemotherapy. The means of achieving this is not trivial, and traditional methods have certain drawbacks. Loading tumors with systematically asministered energy-transducing nanoparticles can circumvent several of the obstacles to achieve tumor hyperthermia. However, nanoparticles also face unique challenges prior to clinical implementation. This article summarizes the state-ofthe-art current technology and discusses the advantages and challenges of the three major nanoparticle formulations in focus: gold nanoshells and nanorods, superparamagnetic iron oxide particles and carbon nanotubes.
Hyperthermia in cancer therapy

Clinical rationale & biological basis for hyperthermia
Hyperthermia has a long history in the annals of cancer management. A correlation between erysipelas (a streptococcal skin infection) and tumor regression had been observed for over a century before William Coley first documented evidence of a relationship between infection and cancer regression in sarcoma patients in 1891 [1] . His attempts to recreate this phenomenon for the treatment of cancers culminated in the generation of cocktails of bacteria (Coley's toxin) that intentionally induced a fever to effect an antitumor response. While this probably represents among the first instances of the clinical use of hyperthermia for cancer therapy, it was also among the first demonstrations of the efficacy of immunotherapy. Since then, more localized and relatively safer methods of hyperthermia, either singly or in combination with conventional therapy, have been employed by many investigators to treat cancer (Box 1) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Box 1 Definitions
• Hyperthermia, in a medical setting, is a rise in temperature of body tissues, globally or locally. In the field of cancer therapy where this elevation in temperature is induced intentionally, this definition can be further qualified based on the desired effect of this temperature rise on the tissue. If the temperature is raised high enough to cause immediate cellular death, largely through necrosis mediated by irreparable coagulation of proteins and other biological macromolecules, the more accurate term to use is thermoablation. In contrast to thermoablation, hyperthermia refers to smaller temperature rises, usually to 40-45°C, initiating a series of subcellular events, rendering the cells susceptible to various forms of damage including apoptosis, leading to subsequent cell death [70, 71] . Other effects associated with hyperthermia include activation of immunological responses, enhancement of tumor blood flow and oxygenation via greater vascular perfusion and permeability, and a shift toward anaerobic metabolism resulting in decreased oxygen consumption and increased tissue oxygenation, all leading to an altered extracellular microenvironment.
• Nanoparticle is an umbrella term encompassing a variety of materials all sharing the common feature of having the longest dimension less than 100 nm. This limitation is generally relaxed in the scientific parlance, with particles not greatly exceeding 100 nm also earning the sobriquet 'nano' (Figure 1 ). Nanoparticles can be solid, hollow or branching, and made from a very diverse selection of materials. The development of means to control and characterize at the nanoscale allows a degree of design unsurpassed by single-molecule entities.
In the field of cancer therapy, nanoparticles afford many advantages over conventional therapeutic methods and are an ongoing research focus on a global scale.
Heat as a curative modality (thermoablation) has been explored in cancer by many researchers. The challenge facing thermoablation therapies mirrors that of surgery: the destruction of the tumor needs to be as complete as possible, while sparing normal tissues. Thermoablation became a topic of high interest with the advent of electromagnetic heating. However, despite demonstrations of delayed tumor regrowth following thermoablation, in general, the therapy falls short in curative prowess owing to the difficulties in precise control of temperature rise in different regions of the tumor resulting in residual cancerous tissue and tumor recurrence. By contrast, sub-ablative heating has a bigger therapeutic window since cell destruction is not desired. Mild temperature rise throughout the tumor may be accompanied by some heating of surrounding normal tissue, but since non-malignant cells have unimpaired heat-shock protection mechanisms, the toxicity profile for mild hyperthermia is usually very good.
The increasing interest in hyperthermia has been paralleled by an increasing understanding of the mechanism of action of this treatment modality. It is now known that tumor cells, tumor vascular endothelial cells, and normal cells are not inherently different in their sensitivity to heat-induced cytotoxicity. However, owing to inefficient blood flow and oxygen transport through the newly formed immature blood vessels within tumors, tumor cells reside in an acidotic and nutrient-deprived milieu that confers them with greater thermosensitivity [12] . This greater sensitivity of hypoxic areas to heat provides a compelling rationale for the combination of hyperthermia with radiation therapy since poorly perfused tumor cores are generally resistant to the effects of ionizing radiation, which depends on the generation of toxic oxygen radicals in well-perfused regions. The complementary effects of radiation and hyperthermia is further accentuated by the fact that tumor cells in the S phase of the cell cycle are relatively radioresistant. However, it is precisely in this phase that tumor cells are most sensitive to the effect of heat and become radio-sensitized. Thus hyperthermia acts as a potent and selective radiosensitizer by affecting those cancer cells that are naturally radioresistant.
Hyperthermia can also be used to chemosensitize cancer cells. The degree of chemosensitization varies with the type and concentration of drug, the tumor type, the increase in tumor temperature and the time differential between the delivery of heat and chemotherapy. However, prior drug resistance does not appear to be a factor in the sensitivity to heat. Chemosensitization is highest when heat and chemotherapy are administered simultaneously, the effect diminishing at greater intervals between delivery of the two therapies [13] . In general, enhanced cytotoxicity of many chemotherapeutic agents increases in the range of 40.5-43°C [14] . However, clinically, temperatures above 41°C have been associated with higher toxicity and a low benefit:risk ratio. In general, hyperthermia with milder temperatures increases the destruction of cancer cells with chemotherapy, but not that of normal cells (i.e., chemotherapeutic side effects are minimized). However, there is a potentially wide variation in the thermal enhancement of a given agent among the different types of tumors. Also, different agents have different enhancement ratios for the same degree of temperature elevation in the same tumor type, indicating that the drug of choice at physiological temperatures may not be the drug of choice at elevated temperatures [14] . In general, however, even for drugs with good thermal enhancement for a particular tumor type, the enhancement of tumor toxicity due to heat is only seen at higher drug concentrations in the tumor. Hence, isolated perfusion of tumors with heated solutions of chemotherapeutics, providing a higher tumor drug concentration demonstrates a better response than systemic administration of the same drug. Several mechanisms have been proposed for this observed effect. Temperatures bordering on 42-43°C have some cancer-specific cytotoxicity resulting from the impaired mechanisms of cancer cells to handle heat shock. Prolonged (>1 h) heating at lower temperatures increases tumor perfusion, and this results in greater delivery of chemotherapeutics especially to the poorly vascularized core. The lack of enhanced drug toxicity with loco-regional hyperthermia with potential improvement in response to advanced disease suggests that thermochemotherapy is a viable and important alternative to drug treatment alone.
Unfortunately, it is not often possible to elevate tumor temperature uniformly to the 42-43°C required for direct cytotoxicity. Fortuitously, it is fairly well established now that clinically achievable elevations of tumor temperature to approximately 40-42°C (mild temperature hyperthermia), although less effective as monotherapy against cancer, has potent efficacy as an adjunct to radiation therapy. This is largely driven by an increase in blood flow (often sustained for 1-2 days) [15] and oxygen delivery and a decrease in oxygen demand (due to hyperthermia-induced cell death and metabolic suppression) that converge to increase tumor tissue oxygenation. Increased perfusion also directly translates to increased delivery of chemotherapeutic drugs to the poorly vascularized tumor cores [16] . Such a complementary role for hyperthermia has been demonstrated in numerous clinical and preclinical studies of hyperthermia combined with chemotherapy or radiation therapy, with significant improvements in outcome demonstrated for tumors of the prostate, breast, bladder, brain, cervix, head and neck, lung, rectum and esophagus, among others. Typically, adding hyperthermia to the treatment regimen has not resulted in increased toxicity (especially for radiation therapy), but has contributed to better control, cure and/or palliation [17] [18] [19] [20] [21] [22] [23] [24] .
Hyperthermia techniques
While the rationale for adding hyperthermia to clinical regimens is compelling, the means to do so are not as straightforward. Three types of hyperthermia are traditionally employed in clinical practice -whole-body, regional and local hyperthermia ( Figure 1 ). Whole-body hyperthermia is achieved by such methods as hot water blankets and thermal chambers. In theory, it should be used for metastatic cancer where focal hyperthermia would be ineffective. Regional hyperthermia depends on perfusing with heated liquids -the two popular techniques are perfusing the peritoneum with a heated solution of anticancer drugs for peritoneal cancers such as mesothelioma, and the perfusion of a part of the patient's blood, taken out and warmed ex vivo, into an artery supplying the limb containing the tumor [25, 26] . Both whole-body and regional hyperthermia in general result in poor tumor specificity of treatment. While the toxic effects of hyperthermia are usually not severe, whole-body hyperthermia often causes gastrointestinal symptoms, such as diarrhea, nausea and vomiting, and may occasionally have serious cardiovascular side effects, such as myocardial ischemia, thrombosis and cardiac failure. Regional hyperthermia is invasive and involves significant challenges in set-up.
Local hyperthermia, in theory, has the advantage of being tumor focused. The three major methods of generation of local hyperthermia, in order of increasing invasiveness, are external, luminal and interstitial. Luminal hyperthermia uses special probes placed as close to the tumor as possible, such as in the lumen of the rectum for treatment of rectal cancers, whereas interstitial hyperthermia uses a grid of applicators/probes placed into tumor parenchyma for more uniform tumor heating. Heat sources can be inserted into the probes and applicators, or the probes can be heated by external heating sources. Generally, these methods also suffer from moderate to high invasiveness, while the heating of the tumor is non-uniform, being concentrated more on the probe than elsewhere. Another way in which this can be achieved is by placing metal antennas ('seeds') in the tumor interstitium before exposure to an external magnetic field. These antennas are elongated devices made of ferromagnetic material (e.g., iron), which heat up in an alternating electromagnetic field (detailed later). In this way, the heat for hyperthermia is actually generated inside the tumor rather than filtering through from outside, and can be readily controlled by simply controlling the strength of the magnetic field. However, implanting the relatively large seeds requires an invasive procedure, which adds to the morbidity of the treatment. The seeds may focus the heating in the immediate locality of the implantation area, with resultant cold spots elsewhere in the tumor. Placing the seeds in a deep tumor may be difficult and require image guidance. Finally, it often requires large investments of money because of the requirements for special electromagnetically shielded rooms and compliance with other federal regulations. External heating can be achieved either with electromagnetic radiation (e.g., microwave, laser and radio-frequency) or high-intensity focused ultrasound, all of which transduce energy from an external source to pass through the body. One disadvantage of this method is that energy is deposited in the normal tissues along its path and can result in hot spots within these tissues. In summary, despite the beneficial effects of adding hyperthermia to the cancer management regimen, current methods to achieve it are often invasive, nonuniform or non-specific to the tumor. Clearly, there are opportunities to improve uniformity and target specificity of heat in a non-invasive or minimally invasive manner.
Nanoparticles for local hyperthermia
The foregoing discussion outlines the promises and pitfalls of established methods of generating hyperthermia. The continuing quest for a method of hyperthermia that is tumor focused, minimally invasive, and uniform has led to the investigation of nanoparticles as conduits for generating hyperthermia ( Figure 2 ). To maximize the energy deposited in the tumor while limiting the exposure in healthy tissues, tumors can be preferentially loaded with systemically administered nanoparticles that have a high-absorption cross section for transduction of an extrinsic energy source to heat. Hyperthermia achieved by this method has several potential advantages over both global and focal hyperthermia achieved without nanoparticles.
Localization of nanoparticles
It has been widely recognized that intravenously administered nanoparticles passively extravasate from vasculature and preferentially accumulate in tumors but not in normal tissues. This phenomenon, often referred to as the enhanced permeability and retention (EPR) effect, is a consequence of the leakiness of immature tumor neovasculature with large fenestrations and inefficient lymphatic drainage [27, 28] . To ensure long circulation times of nanoparticles for efficient accumulation within tumors, evasion of non-specific reticuloendothelial capture of these particles can be achieved by rendering them 'stealth' properties via coating them with polyethylene glycol (a process known as PEGylation), dextran or other biocompatible coatings [29, 30] . Additionally, nanoparticles can be decorated with targeting molecules homing to cancer-specific and cancer-associated antigens to achieve even greater tumor sensitivity [31] [32] [33] [34] . It is to be noted that these techniques of tumor-specific localization of nanoparticles leads to tumor specific dose delivery that is independent of invasive procedures adopted in other localized dose-delivery strategies such as interstitial hyperthermia. Targeted nanoparticles also result in less nonspecific accumulation in the body, enabling a lowering of injected dose of nanoparticles for the same therapeutic effect and lessening the probability of nanoparticle-mediated toxicity.
'Inside-out' hyperthermia
All sources of heat create a temperature gradient in the tissues with the temperature falling off sharply with distance from the heat source. All external sources of heat-like focused ultrasound or infrared lamps have a narrow window of effectiveness where the skin surface is significantly affected before the temperature in the tumor reaches therapeutic levels. However, unlike all other means of external hyperthermia, the primary source of the heatthe nanoparticle -is located inside the tumor. This reverses the direction of heat loss -from inside out and reduces damage to normal tissues while heating up the tumor. Furthermore, most of the nanoparticles are metallic and consequently have excellent thermal conductivity that couples and instantly transmits the heat they generate to the surrounding tumor tissue. Interstitial hyperthermia also relies on generation of heat from within the tumor but uses larger and more invasively inserted probes within tumors to achieve this.
Vascular-focused hyperthermia
Although all forms of hyperthermia seek to achieve fairly uniform temperatures globally within tumor parenchyma, a unique feature of nanoparticle-mediated hyperthermia is the location of nanoparticles in close proximity to tumor vasculature [35] . This results in a temperature gradient that is maximal at the vascular wall and falls off with distance from the perivascular space. Consequently, a global tumor parenchymal hyperthermic temperature is associated with considerably higher focal temperatures (hot spots) along tumor vasculature. By contrast, other forms of hyperthermia resulting in global tumor parenchymal hyperthermic temperatures are usually associated with focal cold spots along tumor vasculature that serve as 'heat sinks' for dissipation of heat from tumors. Consequently, the preferential vascular-focused hyperthermia achievable with nanoparticles has the advantage of not only causing heat-induced tissue damage of tumor cells but also vascular endothelia, which, in turn, sensitizes these endothelial cells and tumor cells to subsequent radiation therapy.
Theranostics
Compared to other forms of hyperthermia, nanoparticle-mediated hyperthermia has the potential to simultaneously image and treat tumors, an attribute referred to as theranostics, where therapy and diagnostics are integrated into a single platform. Since nanoparticles preferentially concentrate in tumors, detecting their presence can potentially be used as a means of diagnosing the presence and extent of tumors. The same nanoparticles can then be used for hyperthermia as part of tumor management. Furthermore, when the nanoparticle is decorated with tumor-specific targeting molecules that permit precise sensing and imaging of tumors, subsequent therapy (hyperthermia or thermoablation) can be image-guided.
Combination with other therapies
The fact that nanoparticles afford immense opportunities for engineering their structuremore, in fact, than any other forms of injectable therapy -can be exploited to combine the hyperthermia with other therapeutic modalities. For instance, nanoparticles can be laden with or decorated with drugs, such that near-simultaneous hyperthermia and chemotherapy (drug release) can be triggered via an extrinsic energy source. Similarly, binding radioactive tracers to the nanoparticles to achieve a form of brachytherapy serves as a means of combining hyperthermia and radiation therapy.
These advantages have fueled the quest for ideal nanoparticles for achieving tumor hyperthermia. The major ones under investigation are reviewed here and include various forms of gold nanoparticles and superparamagnetic iron oxide nanoparticles (SPIONs) while carbon nanotubes (CNTs) are a more recent entrant to this field.
Hyperthermia using gold nanoparticles Characteristics of gold nanoparticles
Many bulk metals, when reduced to a nanoscale, exhibit optical resonances of their surface plasmons, a characteristic wavelength (surface plasmon resonance) at which they strongly absorb and scatter incident light and convert resonant energy to heat. When fabricated in certain geometries, these plasmon resonances of gold can be tuned to near infrared (NIR) wavelengths, where this light penetrates deepest within human tissues due to minimal absorbance by native tissue chromophores [36] . Gold nanoparticles fabricated to have strong absorption cross sections in the NIR wavelength (up to a million-fold greater than the US FDA-approved dye indocyanine green) are also highly efficient at converting the absorbed light into heat. These photothermally activatable gold nanoparticles have many distinct advantages for clinical applications. First, gold is an inert noble metal that does not react with biological tissues and is molecularly stable. Second, long-term toxicity concerns are low due to extensive, decades-long clinical experience with the use of gold for the treatment of rheumatoid arthritis. Some caution is necessary, however, with extrapolating from larger microparticles to nanoparticles, as highlighted by a recent study that demonstrated that administration of large quantities of gold nanoparticles stimulates host immune complement activation, an effect that was dependent on other factors such as nanoparticle surface characteristics and structure [37] . Third, NIR activatable gold nanoparticles are within size regimens that permit tumor-specific accumulation via the EPR effect based on average vascular fenestrations of 60-400 nm in tumors. Fourth, in addition to passive accumulation in tumors via the EPR effect, surface bioconjugation for tumor-specific targeting or PEGylation for reticuloendothelial evasion can be readily performed via thiol linkages on the surface of these gold nanoparticles. Lastly, gold nanoparticles have the potential for FDA approval as a device rather than a drug, an attribute that could save significant time and money for clinical translation. Among a variety of gold nano-structures in use, the most commonly employed ones are nanoshells and nanorods.
Gold nanoshells-Nanoshells have a core of a different material coated by a thin layer of gold. The core material is dielectric, with silica being the most common material used. The resonance frequency is determined by the core:shell ratio. Gold nanoshells (GNSs) are usually close to 50-150 nm in the diameter and are generally moderately stable in solution,
especially if stored at low temperatures. Silica-GNSs that are activatable by NIR light tend to be roughly 150 nm in diameter, with a 120-nm diameter silica core. Extensive investigations into the safety and tolerability of GNSs have led to greater acceptance of the biocompatibility of these particles, paving the way for human clinical testing. GNSs are currently in clinical trials for head and neck cancer and prostate cancer using interstitial illumination with NIR lasers for thermoablation applications.
Gold nanorods-Gold nanorods (GNRs) are cylindrical nanoparticles made of solid gold with one dimension several times longer than the other. If the solid gold nanostructure is a sphere, the optical absorption maximum is in the region of 540 nm and cannot be tuned to other wavelengths. Hence this formulation is not of much use clinically. However, oblong forms, with large length:diameter aspect ratios, are tunable to higher wavelengths of light. The resonant frequency is determined by the aspect ratio, and can be calibrated to the NIR region. NIR activatable GNRs are much smaller than nanoshells, with typical sizes ranging approximately 4-5 nm in the longest dimension, usually with an aspect ratio of approximately 3. To facilitate anisotropic formation of rod-shaped structures during seedmediated chemical synthesis of GNRs from spherical gold seed particles and to make them stable without aggregation in solution, a strongly charged surfactant such as cetyl trimethylammonium bromide (CTAB) is commonly employed. Since the CTAB dispersed in solution can be cytotoxic, it is often removed by serial centrifugation or dialysis, processes that involve a reduction in yield of GNRs or considerable expense. Furthermore, the CTAB on the surface of the GNRs is also shielded by a biocompatible compound such as PEG or by cross-linking a polysaccharide (chitosan) with ethylene/propylene-based block copolymers [38] . Despite some potential challenges with toxicity, GNRs -weight for weight of gold -possess a superior spectral bandwidth, are better than GNSs in heat generation from NIR light [39] and have a longer circulation half-life, improving chances for tumor accumulation.
Gold nanoparticles in cancer therapy
Hirsch et al. [40] were the first to demonstrate the effectiveness of GNS-mediated thermoablation in a mouse tumor model. While initial efforts used direct injection of GNSs into subcutaneous tumors, subsequent papers demonstrated that intravenously administered GNSs accumulated in tumors as early as 6 h after inoculation. Treatment of these animals with a 800 mW NIR laser emitting at 808 nm at 4 W/cm 2 for only 3 min resulted in significant survival difference over non-radiated mice [41] . Improvements in survival have been demonstrated when the gold nanoparticles are actively targeted to tumors in mice over passively targeted nanoparticles [42, 43] . Several similar results have been demonstrated for GNRs [44, 45] . However, despite promising results, thermoablative monotherapy of tumors with gold nanoparticles is associated with the possibility of considerable collateral damage of tissues adjacent to the tumor that are also ablated and lacks a clear advantage over established techniques such as radiofrequency ablation if interstitial laser fibers are required for photothermal ablation. Hence, combination therapy of hyperthermia (non-ablative temperatures) with other modalities is worth investigating.
In our laboratory, we have investigated the effect of modulating ionizing radiation on tumorbearing mice using GNS-mediated hyperthermia. When tumors in mice pre-treated with GNSs are subject to mild temperature hyperthermia (~41°C for 20 min) followed immediately by a single dose of radiation (10 Gy with 125 kV X-rays) the tumor volume doubling time was nearly twice that with radiation alone [35] . Tumor volume doubling time is a metric used to represent tumor growth, which is independent of the initial size of the tumor; comparison of time taken for tumors to double in volume in the radiation-alone group versus tumors in a combined treatment group is a commonly employed technique for evaluating effectiveness of putative radiation sensitization strategies. The reasons for the in vivo response were postulated to be caused by an early increase in vascular perfusion of tumors following hyperthermia. This can be seen using dynamic contrast enhancement of MRI. However, the results also indicate that it is possible that nanoparticle-mediated hyperthermia may modulate radiation response by other mechanisms. Relatively large GNSs leak out of tumor vasculature but fail to penetrate deep into the parenchyma of tumors, remaining sequestered in the perivascular region. Heating these sequestered GNSs to generate 'inside-out' hyperthermia can possibly result in vascular disruption. This was demonstrated by a loss of microvessel density in the tumor, disruption of normal stromal architecture and regional areas of necrosis ( Figures 3A & B) .
A third reason for the effectiveness of the GNS-mediated hyperthermia could be its effect on cancer stem cells. These tumor-initiating cells are hypothesized to be the primary reason for treatment failure of tumors as well as being responsible for metastatic spread. In a recent paper, it was demonstrated that radiation of breast cancer xenografts results in a reduction of tumor volume but an increase in the proportion of stem cells in the residual tumor whereas GNS-mediated hyperthermia coupled with radiation resulted in not only a greater reduction of tumor volume but also a reduction of the proportion of stem cells in the residual tumor. Furthermore, limiting dilution transplantation of the cancer cells from residual tumors following combined treatment resulted in a lower frequency of tumor formation than similar transplantation of cells from residual tumors following radiation alone (Figure 3c ). Overcoming the inherent radio-resistance of cancer stem cells, which are thought to be the primary reason for therapy failure, provide another important rationale for the addition of hyperthermia to radiation therapy of tumors [46] .
Hyperthermia using SPIONs
Characteristics of SPIONs
Magnetic materials are either permanent magnets (ferromagnetic, like iron) or which only demonstrate magnetism under the influence of an external magnetic field (paramagnetic). A new property is obtained when ferromagnetic materials are fabricated on the nanoscalethat of superparamagnetism. On the nanoscale, the ferromagnetic nanoparticles can randomly flip the orientation of their magnetic dipoles, a phenomenon that makes them appear paramagnetic. However, under the influence of an external magnetic field, they align in the direction of the field, and the resultant magnetic susceptibility is orders of magnitude higher than that of standard paramagnetic material. When the material for the nanoparticles is iron oxide (the most common), the nanoparticles are called SPIONs.
In theory, alternating the external magnetic field rapidly would cause the particles to rapidly flip their magnetic polarity. However, there is some hysteretic loss involved in the flipping, which manifests as heat. If a tissue (say, a tumor) is pre-loaded with SPIONs and then subjected to alternating magnetic field (AMF), it will heat up. Several factors will affect the extent of this heating -the magnitude of the field, the size and characteristic of the SPIONs, the depth of the tumor within the body and the concentration of SPIONs in the tumor.
The first instance of the treatment of cancer using magnetic iron oxide particles was probably in 1957 [47] . Since then the synthesis and design of SPIONs have progressed much. At the heart of the SPION is the magnetic core of iron oxide. Synthesis is usually by the precipitation of iron salts in the presence of various chemicals, for example ammonia [48] , sodium nitrate/sodium hydroxide [49] or by photochemical methods [50] .
Bare SPIONs are rapidly cleared from the blood after intravenous injection and accumulate in the liver, spleen, and lymph nodes. When biocompatible dextran magnetite nanoparticles are injected intravenously in rats, clearance was initially very rapid (half-life of 10 min) followed by a slower decrease (half-life of 92 min) [51] . In the first 2 h, the particles spread throughout the body including the liver and the spleen [52] . However, over time, the particles are scavenged by the reticuloendothelial system and accumulate in the macrophages of the splenic marginal zone, where there is a steady and rapid increase in accumulated particles for up to 48 h, followed by a decrease until the end of the observed period of 25 days. The iron oxide cores sequester as granules in the Kupffer cells of the liver, leading to a slow increase in accumulated amount.
To enable tumor accumulation, SPIONs need to be coated with or embedded in a polymer shell. The most common method for this is to embed the SPIONs in a polymeric nanoparticle that is hydrophilic. A common polymer for this purpose is dextran [53] , although other polymeric blends, such as β-cyclodextrin and pluronic polymer combination [48] , and chitosan [54] , can also be used. Apart from polymers, iron/iron oxide core-shell nanoparticles are also popular [55, 56] . Silica is a popular coat for many varieties of nanoparticles, including SPIONs [49, 57] . However, the resultant particles are often microspheres rather than nanoparticles, with diameters of approximately 20-30 μm. These are used as in situ implants into tumors rather than as intravenous formulations.
Subsequently, to enhance circulation half-life, the dextran coat is often covered by a monolayer of PEG [55] . Finally, targeting molecules can be attached to enhance specificity of uptake by cancer cells. For example, folic acid [54, 58] can be attached to target folate receptors in several solid tumors. Addition of folic acid was found to increase the cytotoxicity against the folate receptor over-expressing KB cells but had little adverse impact on the A549 cells, which do not possess these receptors. In addition, a novel way of coating the SPIONs is the use of gold [59] . The thin gold shell can itself be heated up by AMF, thus adding to the hyperthermic effect. Indeed, gold-coated SPIONs demonstrated several-fold higher increases in heat release compared with SPIONs alone. Furthermore, SPION-mediated hyperthermia can be combined with other strategies to further enhance the therapeutic outcome. For example, the SPIONs can be coated with thermosensitive polymers that are loaded with anti-cancer drugs [48, 58] . Application of AMF after accumulation of the SPIONs in tumors would raise the local temperature of the SPIONs sufficiently to exceed the critical temperature of the polymers, resulting in drug release.
SPIONs in cancer therapy
Delivery of adequate amounts of SPIONs into tumors is a prerequisite for successful hyperthermia. These can be delivered to possible nests of metastatic cells in lymph nodes by direct injection into the lymphatic channels draining into the lymph nodes [47] . Subsequently, a number of investigators injected the SPIONs directly into the tumor as proof-of-principle experiments. The SPIONs can be injected in solution, or loaded into hydrogels and organogels [57] .
However, this more invasive method of SPION delivery is not favorable, owing to obvious difficulties in translating to clinical usage. The favored delivery route is intravenous; however, successful concentration of nanoparticles into tumors by this route is not easily achievable. A novel route of delivery is by loading the SPIONs into cells [56] . In the experiment described, tumor-tropic neural progenitor cells were loaded with SPIONs and transplanted into melanoma-bearing mice, whence the cells made their way into the tumors. Subsequent AMF exposure resulted in tumor regression.
To achieve adequate concentrations in the tumor, SPIONs are sometimes conjugated to targeting molecules. Triton BioSystems, Inc. (Chelmsford, MA) have developed one such system of AMF-responsive nanoparticles and targeted these to cancerous tissues by conjugating with monoclonal antibodies. The combination of molecular targeting and the focused AMF field aims to achieve highly sensitive tumor hyperthermia.
The use of heat for cancer can be ablative or sub-ablative. When sub-ablative, it can be used either as a standalone therapy to delay tumor growth [50] or as a means of radiosensitization [46] . The degree of heating of the tumor can be controlled by the AMF field. However, increasing the current in the AMF generator, and thus increasing the AMF field strength, generates heat in tissues by inductive tissue heating from eddy current losses. This is independent of the presence of SPIONs and affects normal tissues in the AMF field. The raised temperature in the normal tissues limits the extent to which the AMF field can be increased. In mouse experiments, for example, radiofrequency exposures at 25 kW for 20 min raised the tumor core temperature to 47°C [50] .
Another limitation of the use of SPIONs is the toxicity to normal cells in the absence of AMF. Biocompatibility studies with dextran and citric acid-coated SPIONs on human umbilical-vein endothelial cells [53] demonstrated the expected endocytotic uptake by the cells, followed by cell death through suspected apoptotic pathways. Even at concentrations as low as 0.1 mM, the coated SPIONs managed to inhibit migration/invasion functions of the cells. While cytotoxic effects are strongly dependent on the coating/matrix of the SPIONs, the results demonstrated the necessity of thorough cytotoxicity evaluation of any proposed therapy involving these nanoparticles.
Hyperthermia with CNTs
Characteristics of CNTs
CNTs are unique, (almost) 1D nanomaterials composed of single sheets of graphene rolled into the shape of a tube. Since the aspect ratio and the direction of rolling can be controlled at synthesis, the optical properties can also be tuned. Similar to gold nanoparticles, singlewalled CNTs (SWCNTs) also strongly absorb electromagnetic waves to generate heat. Instead of plasmon resonance, absorption of light by CNTs results in excitation of electronic transitions within the nanostructure with relaxation resulting in amplified vibrational modes within the carbon lattice. There is neither an absorption threshold nor is the absorption a continuous function of energy, but absorption occurs as discrete tunable and sharp spikes. Also, unlike gold, CNTs can absorb over a broad frequency range including visible light, NIR light and even radiofrequency irradiation. The extinction coefficient of such absorption is much higher than that of common tissue chromophores, such as melanins, hemoglobin and water [49] .
CNTs are very thin cylinders of graphene, which can be synthesized to considerable variations in aspect ratios. The diameter of the tubes can vary from the nano-to the microscales [60] . Usually the cylinders are SWCNTs, but more recently multi-walled CNTs (MWCNTs) have also been investigated for their optical properties. They have been shown to have enhanced absorption cross-sections when compared with SWCNTs [61] .
CNTs in cancer therapy
Following in the footsteps of the GNRs and SPIONs, the enhanced optical cross section of CNTs has been investigated for photothermal ablation of cancer cells [61] . This has been demonstrated in vitro using SWCNTs [61] [62] [63] . Tumor destruction in mouse models of cancer have also been demonstrated using intratumoral injection of SWCNTs followed by NIR irradiation for only 3 min [64] . Similar to gold, not only NIR, but also radiofrequency fields have been used to generate hyperthermia using SWCNTs. The required radiofrequency field was in the megahertz region (13.56 mHz). The in vitro study was succeeded by in vivo studies using direct intratumoral injection of the nanotubes.
Hyperthermia using the radiofrequency field resulted in complete necrosis of tumors [65] . Not only SWCNTs, MWCNTs have also been demonstrated to be effective in tumor ablation using NIR light. However, unlike SWCNTs, MWCNTs achieve thermal ablation of tumors after exposure to only a 30 s burst of NIR light at a relatively low laser power of 3 W/cm 2 [66] .
The major stumbling block to more widespread adoption of CNTs is a concern regarding their toxicity. Exposure of mesothelial and pleural lining to CNTs can result in granulomas reminiscent of mesotheliomas arising from asbestos exposure [67] . Several factors, including their propensity to aggregate, and the nature of the surface and functional groups attached thereof, affect the toxicity of these nanostructures. Although it has been demonstrated that at low doses CNTs are non-toxic to mice, more detailed studies are necessary prior to adopting these for clinical use.
There are reports of other nanoparticles beyond these three types, which can potentially be exploited for hyperthermia. For example, fluorescent quantum dots [68] , silver and zinc nanoparticles and lanthanum manganite particles with impregnated silver ions [69] have been explored. However, the general principles discussed for the three nanoparticles hold true in most cases.
Conclusion & future perspective
Hyperthermia results in increasing perfusion of tumors. This results in less hypoxic areas and a better response to radiation, while also aiding chemotherapy. However, beyond these traditional effects, nanoparticle-mediated hyperthermia is proving to have additional roles to play in cancer therapy -from disruption of microvasculature to sensitization of recalcitrant cancer stem cells to radiation. All this makes quick addition of this therapeutic modality to the oncologist's repetoire an important priority.
However, despite the potential role that hyperthermia can play in cancer management it has not been adequately exploited clinically. There are several reasons for this. Historical methods of achieving global hyperthermia were cumbersome, non-standardized and nonspecific. More recent methods of generating hyperthermia are still frequently invasive and/ or result in non-uniform temperature elevations within tumors and possible hot spots in surrounding normal tissues. The breakthrough has been the introduction of injectable nanoparticles like SPIONs, GNSs and CNTs that made it possible to achieve ablative temperatures inside highly localized areas of the body, while maintaining other areas at normal or near-normal temperatures. Nanoparticles provide a promising alternative to the older techniques to attain tumor hyperthermia.
However, there are several challenges facing the use of nanoparticles for tumor hyperthermia. A major problem is adequacy and uniformity of accumulation of nanoparticles at the tumor site. Even with very small nanoparticles, uniform temperature throughout the core and mantle of the tumor is still difficult to obtain [16] . Nanoparticles do not readily penetrate uniformly into the poorly vascularized tumor core. Other avenues need to be explored to find means of raising temperature uniformly in the core.
A second issue hampering the clinical translation of nanoparticles is the issue of quality control. Nanoparticles made in the laboratory often suffer from intra-batch and inter-batch variations in size and composition. As nanoparticles become more complex in composition, the risk of variation increases proportionally. Size distribution of nanoparticles are typically assessed using dynamic light scattering (e.g., with the zetasizer), but this provides an estimate of hydrodynamic radius rather than actual diameter. The actual diameter can be seen from electron microscopy, but only a very small number of nanoparticles can be seen per image and extrapolating size of the full sample from the images can lead to errors. When nanoparticles are coated with targeting ligands, presence and quantification of the ligands, and in some cases testing of the functional capabilities, need to be done. Obviously, scaling up of production for industry will be an issue for complex nanoparticles. However, despite these obstacles, better methods of nanoparticle synthesis are constantly being reported. Most commercially available nanoparticles (e.g., the GNSs from Nanospectra, Inc.) are now available in batches with less than 1% variation in diameters. It is expected that in the near future we will have more complex nanoparticles being produced with equivalent quality controls.
A third obstacle in the clinical acceptance of nanoparticles is biocompatibility. The problem might be considered to be twofold: one of immediate toxicity and one of delayed effects of retained nanoparticles. Immediate and direct toxicity issues can be resolved using standardized testing on appropriate animal models. Indeed, most nanoparticles have been shown to be relatively nontoxic in the doses required for therapeutic effect. Gold, in particular, has a long history of usage in medical conditions, and GNS have been demonstrated to be safe in the administered quantities. As a result, clinical trials have been launched for human testing. However, GNRs have a unique challenge; as mentioned above, the persistent CTAB in the solution needs to be removed or neutralized before clinical usage is possible. The more difficult challenge is the question of the long-term fate of the nanoparticles sequestered in the body. Hepatic and splenic macrophages ingest and store much of the injected nanoparticles; the long-term consequences of this storage are as yet uncertain.
Similar to other treatment modalities, such as chemotherapy and radiation, hyperthermia is most effective when confined to the tumor. While enhanced permeation and retention allows passive accumulation at tumors, there is also concurrent accumulation in some other tissues, most notably the liver. This makes use of this technique less effective when dealing with tumors of the liver and surrounding areas. Accumulation at other areas, though less prominent, argues for thorough investigation of the biodistribution for each particle proposed for clinical use.
In conclusion, nanoparticles hold promise as a novel means of generating hyperthermia with distinct advantages over traditional methods. Comprehensive toxicity evaluations, optimized methods to ensure uniform, adequate and specific intratumoral delivery and greater dose deposition at tumors are the challenges that face effective clinical exploitation of nanoparticle-mediated hyperthermia in tumor treatment.
Key Terms
Antenna
An antenna (as used in medical hyperthermia) is a small metal piece which absorbs radio waves and consequently heats up
Radiofrequency and microwaves
Radiofrequency waves are electromagnetic waves with the rate of oscillation in the range of approximately 3 kHz to 300 GHz; microwaves are a subset at the higher energy end of this spectrum (300 MHz to 300 GHz) Theranostic A combination of the terms therapeutic and diagnostic; usually refers to a device which can perform both functions
Surface plasmon resonance
Plasmons are quantized oscillations of free electrons. These electron waves propagate along the surface of metal nanoparticles, and can resonate when photons of certain wavelength are incident on them
Core:shell ratio
Ratio of the diameter of the core to the thickness of the shell of core shell nanoparticles. A higher core:shell ratio means a thinner shell
Superparamagnetism
Small nanometer-sized ferro-and ferri-magnetic particles demonstrate no magnetization in the absence of a magnetic field (unlike similar material in the meso-and macroscopic scales). These are magnetized in the presence of a magnetic field (such as paramagnetic material, e.g., gadolinium) but much more strongly than compared with conventioanl paramagnets
Graphene
Graphene is an allotrope of carbon, where the carbon atoms are bonded in a honeycomb pattern to form 2D crystalline planar sheets. The sheet can be rolled into tubes (carbon nanotubes) or stacked into a 3D sheet (graphite)
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Executive summary
• Hyperthermia, a small rise in tumor temperature, alters the cancer cells (especially the cancer stem cells) and the microenvironment to increase susceptibility to radiation and chemotherapy.
• Specific and uniform elevation of tumor temperature is difficult with wholebody and regional hyperthermia. Luminal and interstitial local hyperthermia are invasive, while external radiation may cause skin burns.
• Preferential loading of tumors with systemically administered, energytransducing nanoparticles allows tumor specificity, heating from within the tumor, vascular disruption, simultaneous imaging and therapy (theranostics) and single-platform combination with other therapies.
• Three major nanoparticles for generating hyperthermia are gold nanoparticles, superparamagnetic iron oxide nanoparticles (SPIONs) and carbon nanotubes (CNTs).
• Gold nanoparticles with strong absorption cross sections in the near infrared wavelength due to surface plasmon resonance, efficiently generate heat upon illumination and are inert, stable and readily conjugated to biomolecules for specific tumor targeting. Two major types are nanoshells and nanorods.
• SPIONs heat up rapidly in an alternating magnetic field depending on the field strength and frequency, particle concentration and characteristics and the depth of the tumor within the body.
• CNTs are largely unidimensional nanomaterials composed of rolled sheets of graphene with tunable absorption of electromagnetic waves over a broad frequency range to generate heat.
• Obstacles to clinical exploitation of hyperthermia can potentially be overcome with nanoparticles providing more efficient methods of generating uniform heating in tumors with minimal effect on normal tissue.
• Challenges facing nanoparticle-mediated tumor hyperthermia include inadequacy and non-uniformity of accumulation in tumors, especially the core; lack of quality control in production; perceived toxicity issues; concurrent accumulation in the liver and other tissues; and thermal modeling/dosimetry. (A) In mice with subcutaneously inoculated human colorectal cancer cells, 90 min following a single 10 Gy dose of radiation therapy using 125 kV x-rays, hematoxylin and eosin-stained slides of the tumor core show minimal necrosis (left), but addition of gold nanoshellmediated hyperthermia (41°C for 20 min immediately prior to radiation) results in significantly more necrosis (right). Arrows denote size of areas of necrosis within tumors [35] . (B) On further investigation, the tumor core of mice treated with radiation alone (left) has classical tissue architecture with central vascular channels surrounded by orderly layers of cells with decreasing levels of oxygenation with increasing distance -hypoxic areas (further from vasculature) are stained green and perfused areas are stained blue in this immunofluorescence image. However, the mice treated with combined hyperthermia and radiation (right) have tumor cores with complete disruption of normal stromal structure, suggestive of vascular collapse [35] . (C) In a mouse model of breast cancer, treatment with a single dose of 6 Gy with or without post-treatment hyperthermia (42°C for 20 min) was followed by tumor digestion 48 h later and re-implantation in syngeneic mice in limiting dilutions. For reappearance of tumors, the combined treatment group required more cells reimplanted in mice than the radiation alone group, suggestive of a greater effect of combined treatment on putative cancer stem cells. Furthermore, the tumors reappeared as a more aggressive phenotype in the radiation alone group (left) than the combined treatment group (right). These results suggest that more efficient elimination of cancer stem cells by nanoshell-mediated hyperthermia and radiation compared with radiation alone results in lesser ability to recreate tumors as well as appearance of more differentiated, less aggressive and more treatable tumors [46] .
Figures reproduced with permission from the referenced sources.
